Objectives: This randomized, cross-over in situ study investigated the impact of sodium fluoride dose and concentration in milk on caries lesion rehardening, fluoridation and acid resistance.
Introduction
The delivery of cariostatic amounts of fluoride through milk is not novel by any means as the first caries studies in children were conducted in the 1960s. 1 Despite its prolific history, a Cochrane Systematic Review 2 concluded 'that there is insufficient evidence to show the effectiveness of fluoridated milk in preventing tooth decay' and highlighted the need for further randomized clinical trials. Yet, milk fluoridation has been shown to be an effective public health measure and more recent studies have provided further supporting evidence. 1, 3 Milk fluoridation has been recommended where fluoride concentration in the drinking water is suboptimal, for target groups with high caries prevalence and poor compliance for oral hygiene, in areas without or suboptimal water fluoridation and where school-or kindergarten-based programs to provide milk to children are already in place. 3, 4 Recent research has focused on determining if fluoride in milk follows a dose-response pattern and if an optimum fluoride concentration exists. However, results of laboratory [5] [6] [7] and in situ studies 8, 9 into the anti-caries effects of different milk fluoride concentrations have been somewhat equivocal -benefits of fluoridated vs. non-fluoridated milk have been reported unanimously in vitro and in situ; although a clear fluoride dose-response relationship has yet to be established in situ. Likewise, there appears to be some disagreement with regards to an optimum fluoride concentration in milk as results obtained using a range of laboratory models led authors to different conclusions. [5] [6] [7] Furthermore, the cariostatic properties of fluoride do not only depend on dose but also on concentration. 10 While drawing parallels to conventional fluoride delivery vehicles, such as dentifrices and rinses, is not straightforward, especially considering their much higher fluoride concentrations in comparison to milk, a study on rinses demonstrated that, for a given fluoride dose, the main driving force for efficacy was fluoride concentration; i.e. rinsing with a smaller volume but higher fluoride concentration was more beneficial than rinsing with a larger volume but lower fluoride concentration.
Therefore, the aims of the present in situ study were three-fold: a) the primary objective was to determine if a higher dose of fluoride in milk would provide a greater caries preventive effect as determined by measuring early caries lesion rehardening, fluoridation and acid resistance; and b) the secondary objectives were to determine if a higher concentration of fluoride in milk would 3 provide a greater caries preventive effect and if the caries preventive effect of fluoridated milk follows a dose-response pattern.
Materials and Methods

Ethical Aspects
The study protocol was reviewed and approved by the IUPUI Institutional Review Board, #1206008830. It was conducted at the Oral Health Research Institute of the Indiana University School of Dentistry. All subjects signed a written informed consent prior to screening and received oral soft and hard tissue examinations throughout the study.
Experimental Design
The study was randomized, investigator-blind, observer-blind, laboratory analyst-blind, and utilized a 5-way cross-over design. Subjects were partially blind to the treatments (labeled A to E) as they consumed two different milk volumes throughout the study. Two to three days following a dental cleaning, two partially demineralized specimens were placed in the buccal flange area of the subject's mandibular partial denture. Specimens were individually wrapped in Dacron gauze to facilitate plaque growth. Wrapped specimens were mounted in close proximity to each other and flush with the denture surface. Subjects were instructed on the milk preparation (see below), consumed the first treatment under supervision at the study site and received a diary for home use which they returned at the end of each treatment period. During each of the five, three-week test periods, subjects drank their assigned milk test product after dinner (in the evening), once per day for either five (100 ml dose) or ten (200 ml dose) timed minutes, wearing their mandibular partial dentures 24 hours a day during the test period including during meals.
Dinnertime was chosen to avoid interfering with the subjects' lifestyles and to maximize the cariostatic benefits of fluoride.
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Subjects used fluoride-free dentifrice (Natural Tea Tree Oil Toothpaste, Desert Essence, NY, USA) two to three days before and continuously during each treatment period. This choice was made to mimic high-risk populations, although subjects were exposed to fluoridated water (approx. 1.0 ppm) during the study. At the end of each three-week test period, subjects returned to the study site, specimens were removed and analyzed. All subjects received a professional fluoride treatment (APF Gel, PediaGel, Preventech, NC, USA)
at the end of the study. The main response variables were percent surface microhardness 4 recovery (%SMHr), enamel fluoride uptake (EFU), and percent acid resistance (%AR) measured on the enamel experimental specimens. Each subject served as his or her own control.
Power Calculation
Based on prior studies using a variety of conventional oral care products in this model
[unpublished data], the within-product standard deviation of %SMHr is estimated to be 13% and the correlation between products is expected to be approximately 0.5. With a sample size of 28 subjects in a 5-way cross-over study, the study had 80% power to detect a %SMHr difference of 8.6%, assuming two-sided tests each conducted at a 5% significance level.
Enamel Specimens and Lesion Creation
Specimens obtained from human permanent teeth were used as the hard tissue test substrate. The teeth were collected and transported to OHRI in a saturated thymol solution. Upon receipt, the teeth were sorted, cleaned and the root tips removed. The teeth were then stored in saturated thymol solution during sample preparation procedures. Teeth were selected based on the following criteria: free of caries and major restorations; no discoloration and no markings, such as cracks, when viewed under a microscope at 20× magnification; sufficient tooth surface to provide a large size specimen to meet study requirements.
Up to two specimens were obtained from the buccal and/or lingual smooth surface of each tooth.
Longitudinal sections approximately 3 mm in thickness were made parallel to the selected tooth surfaces. The tooth sections were then cut into 4 × 4 mm specimens using a Buehler Isomet lowspeed saw. Specimens were ground and polished to create planar parallel dentin and enamel surfaces. The dentin side was ground flat using 500 grit silicon carbide paper, followed by grinding and polishing of the enamel side. A small orientation cut was placed on each block ( fig.   1 ). The enamel surface of each specimen was ground using 1200 grit silicon carbide paper followed by 2400 and then 4000 grit silicon carbide paper. The polishing step involved the use of a 1 µm diamond suspension on a polishing cloth. Resulting specimens had a thickness range of 1.7 to 2.2 mm. The enamel surface had a minimum polished surface of 2.5 × 2.5 mm in the center of the enamel surface.
Early caries lesions were created in the enamel specimens using a modification of the method described by White.
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Sound enamel specimens were each immersed into 40 ml demineralization use, all enamel specimens were sterilized by ethylene oxide gas.
Study Population
Twenty-eight subjects between the ages of 47 and 80 (mean 63, standard deviation 10; median 64; 11 male; 17 female) undertook the study, with 22 completing all treatments (the anticipation was to finish with 20). Three subjects withdrew from the study due to antibiotic usage, one moved out of town, one could not wear the partial denture 24 h a day, and one withdrew due to an adverse event that was not treatment related. Inclusion criteria were: subjects had to be between the ages of 18 and 80 years at screening and in general good health, exhibit no evidence of active caries or periodontal disease, have stimulated and unstimulated salivary flow rates equal or greater than the minimum requirement of 0.8 and 0.2 ml/min, respectively. Potential subjects reporting they were pregnant, intending to become pregnant during the study period or lactating were excluded from participation. They also had to be able to tolerate the taste and room temperature of the mixed milk product as demonstrated by drinking it at screening.
Subjects had to stop using topical or systemic fluoride products for the duration of the study.
Study Treatments -Milk Preparation and Usage
The five study treatments are shown in Table 1 . Excluding the fluoride-free placebo, the study instructed to fill the bottle to the line with the provided bottled water (to be stored at room temperature) immediately before use and shake the bottle for a minimum of 30 s to allow the 6 milk powder and sodium fluoride to dissolve (determined to be sufficient prior to study start).
Subjects were instructed to sip their assigned study treatment after dinner during either a five-(100 ml dose) or ten-minute period (200 ml dose) by gently moving every sip around their mouth before swallowing. Timers and product use diaries were provided to subjects. Subjects had to refrain from eating and drinking for 30 min after milk consumption.
Milk Analysis
Prior to study start and throughout the study, analyses of the reconstituted powdered milk were conducted at the present authors' laboratories by a third party who was not otherwise involved in the study, to verify fluoride content of the milk and to retain blindness. One bottle per subject per treatment period was randomly chosen from each subject's allotment and processed for fluoride analysis as described below (prior to dispensing to subjects). In addition, extra bottles returned by the subjects after treatment period 1 were also analyzed to confirm fluoride stability.
For treatment period 1, milk samples were analyzed for total fluoride using a modification of the micro diffusion method of Taves   13 as modified by Martinez Mier et al. For treatment periods 2-5, milk samples were analyzed directly as this method was found to be considerably faster and more reliable for this type of matrix. One ml of each reconstituted milk 7 sample was mixed with 1 ml of total ionic strength adjustment buffer (TISAB II, Thermo Fisher Scientific, PA, USA). Fluoride levels of each sample were determined by comparing the millivolt reading of each sample to standard curves prepared from a 0.1 M sodium fluoride solution (Thermo Fisher Scientific, PA, USA), covering the range of the samples' values and prepared in a similar manner compared to the milk samples.
For both analyses, a fluoride ion-selective electrode (Thermo Fisher Scientific, PA, USA) and a pH/ion meter (Thermo Fisher Scientific, PA, USA) were used.
Surface Microhardness Recovery
The surface microhardness (SMH) test was used to assess changes in the mineral status of partially demineralized enamel specimens. SMH was measured using a designated 
Enamel Fluoride Uptake
Microdrill analysis of the enamel specimens was carried out after 21 days of intra-oral exposure for each of the treatments, after the SMH procedure had been completed. The microdrill enamel biopsy technique as described by Sakkab et al. 16 was used to analyze the fluoride content of the partially demineralized enamel specimens. Each enamel specimen was mounted perpendicular to the long axis of a drill bit attached to a specially designed microdrill, and drilled to a depth of approx. 100 μm through the entire lesion (four cores per specimen, fig. 1 ). Drilling and sample collection were performed in a static-controlled atmosphere to prevent loss of enamel powder due to charging effects. The enamel powder from the drill hole was collected, dissolved (20 µl of HClO4 + 40 µl citrate/EDTA buffer + 40 µl deionized water) and analyzed for fluoride by comparison to a similarly prepared standard curve using an ion-specific electrode. The diameter of the drill hole was determined using a calibrated microscope interfaced with an image analysis system. The amount of fluoride uptake by enamel was calculated based on the amount of fluoride divided by the area of the enamel cores and expressed as μg F/cm 2 .
Acid Resistance Test
To test whether the treatments imparted acid resistance to the enamel after the 21-day intra-oral exposure, a second in vitro demineralization was conducted. Specimens were demineralized by immersing them each in 40 ml of the lesion creation solution at 37° C for 5 h. 
Statistical Analysis
For %SMHr, EFU and %AR the two specimens for each subject and study period were averaged.
The effect treatment on %SMHr, EFU and %AR was performed using an ANOVA model suitable for a cross-over study. The ANOVA included terms for treatment and study period, and a random effect to account for the within-subject correlations among the five study periods.
Additional contrasts were tested to compare the two 100ml milk groups combined against the two 200ml milk groups with fluoride combined, to compare the two 1.5 mg F groups combined against the two 3 mg F groups combined, and to compare the placebo F group against the two 1.5 mg F groups combined and against the two 3 mg F groups combined. The milk group comparisons and the fluoride group comparisons are similar to a 'main effects' test for the milk and fluoride levels of a 2 × 2 ANOVA, which needed to be performed as contrasts in this 5-group cross-over study design. All comparisons employed two-sided tests at a 5% significance level.
Results
Results of the milk analyses are shown in Table 2 . All but four of the analyzed samples were within 10% of the target fluoride concentration; the four samples were within 16%. The fluoride content of the bottled water was below the limit of detection (< 0.01 ppm).
All data for one subject were removed prior to statistical analysis due to unusually high and unrepresentative SMH data, likely due to calcified plaque buildup requiring the specimens to be cleaned with a scalpel. Subjects who did not complete all the treatments were not omitted from the per protocol analysis: data from unaffected periods were included. No missing data were replaced with substituted values for the statistical analysis.
No differences were found between treatment regimens for sound enamel or lesion baseline SMH values. Table 3 treatments. %AR data were somewhat similar to the %SMHr data but more discriminating -the differences being the numerical difference within 1.5 mg F groups and between all groups were larger, rank order within the 3.0 mg F groups was reversed, there was a clearer fluoride doseresponse, and there was a significant difference between 1.5F-200 vs. 3F-200.
Discussion
The present study investigated the interplay between fluoride dose and concentration in milk utilizing an established in situ caries model, 18 with the key features being the use of gauzecovered specimens mounted flush with the denture surface to facilitate plaque growth and retention, early, surface-softened caries lesions that mimic the onset of caries, and the simulation of a caries-prone stagnation area. Furthermore, no diet restrictions were imposed on the study subjects, and a mandibular partial denture, containing the specimens, was worn by the subjects 24 h a day including during meals. Therefore, this model can be considered of high clinical relevance.
The subject panel consisted of adults with good oral health and no signs of active caries, periodontal disease or xerostomia. While it would have been advantageous to conduct the present study in the target population for milk fluoridation -children, there are several drawbacks that would have ultimately undermined the study aims. As children are not partial denture wearers, a different in situ model design would have to be chosen, with the most common one the intra-oral (mandibular or palatal) appliance model. The comparative drawbacks of such models are speech impairment and discomfort (leading to poor compliance), removal of the appliance during food and drink consumption (elimination of the only cariogenic challenge), appliance removal during the night (impaired remineralization) and specimen placement in case of a palatal appliance model (atypical site for caries occurrence).
Fluoride doses were chosen bearing in mind toxicological aspects and milk doses considering practicality and clinical relevance. The American Academy of Pediatrics proposed a daily 11 fluoride dose of between 0.05 and 0.07 mg F/kg body weight/day, 19 which is generally accepted as 'a useful upper limit for fluoride intake by children'. 20 Bearing this upper limit in mind, milk fluoride concentrations as high as 8 to 10 ppm (depending on body weight) could be supported for children older than eight years of age. In adults, the present study population, a tolerable upper intake level of 10 mg fluoride per day was recommended by the US Institute of Medicine (IOM) in 1997, 21 thereby allowing additional room for investigation. Powdered milk was chosen for several reasons: it has a considerably longer shelf life than liquid milk, fluoride is more stable in powdered than in liquid milk (table 2) , 22 and it has been utilized in a milk fluoridation program in Chile. 23 The present study has shown that the anti-cariogenic effect of fluoride in milk follows a doseresponse pattern ( fig. 2 ) as greater mean %SMHr values were noted with increasing fluoride concentrations. The EFU data showed better discrimination between treatments and a clearer dose-response. Likewise, the %AR data were more discerning than the %SMHr with regards to a fluoride dose-response, highlighting acquired acid resistance of the lesions as a direct result of fluoridated milk exposure. It must be noted though that overall differences between treatments in %SMHr were relatively small (see Zero et al. Fluoride dose has been shown to be of secondary importance in relation to concentration. were shown to lead to directionally greater anti-cariogenic benefits.
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